Vermicomposting of organic waste plays an important role in integrated waste management and sustainable agricultural development. This study aimed at investigating the transformation of nutrients and heavy metals during vermicomposting of fermented sawdust substrate using the beetle Allomyrina dichotoma subsp. tunobosonis. By the end of vermicomposting, the substrate was significantly modified, with increase in pH and decrease in both organic matter and electrical conductivity. Potassium oxide (K 2 O 5 ) content was found to have significantly increased, whereas no significant difference in the quantities of other nutrients (N, P 2 O 5 , CaO and MgO) was observed between the substrate and vermicompost. In addition, Cd content significantly decreased compared to other heavy metals (Cu, Zn, Cr, Ni, and Pd) during vermicomposting. These findings suggest that the produced vermicompost, with low concentrations of heavy metals, may be a suitable potting medium for plant growth.
Introduction
Vermicomposting is an eco-friendly, biotechnological process that recycles biodegradable organic waste into a stabilized humus-like product by employing earthworms and microorganisms, thus generating a stable and homogenous product called vermicompost. Vermicompost is considered a valuable and marketable plant growth product since nutrients are converted and released from organic waste during the vermicomposting process. In addition, the generated product has reduced levels of contaminants, thus making it a desirable product for agricultural use (Ndegwa and Thompson, 2001 ). Sawdust, a by-product generated in large amounts in agricultural and industrial processes, can be recycled for land applications. Therefore, recycling of sawdust for agricultural use is usually the most convenient and economical disposal alternative for reducing the use of inorganic fertilizers.
Several technologies have been developed to convert organic materials into vermicompost using earthworms. However, the aerobic composting process increases the complexation of heavy metals in organic waste residues (Kang et al., 2011; Wong and Selvam, 2006) . Vermistabilization of sewage sludge results in increase in heavy metal content of vermicompost, thus affecting its quality (Khwairakpam and Bhargava, 2009; Suthar, 2010) . Bioavailable metal fractions are critical from the perspective of ecotoxicology and environmental risk (Fuentes et al., 2006) . With the use of vermicompost, transport of heavy metals to agricultural crops has become a matter of concern due to their long residence times, toxicity to plants and soil microbial processes, and potential negative ef-fects exerted on animals and humans. Therefore, the development of eco-friendly techniques to improve the solubility of plant nutrients while reducing heavy metal content has attracted several investigations (Hait and Tare, 2012; Mupondi et al., 2018; Wang et al., 2017) .
Allomyrina dichotoma subsp. tunobosonis, a species of the Coleoptera family, is found in Taiwan (Rowland, 2003) and was recently considered an alternative insect for processing organic waste. However, no study has examined the availability of nutrients and heavy metals during vermicomposting using A. dichotoma. Therefore, this study investigated the transformation and availability of nutrients (N, P, K, Ca, and Mg) and heavy metals (Cu, Zn, Cr, Ni, Cd, and Pd) during vermicomposting of fermented sawdust by employing A. dichotoma subsp. tunobosonis.
Materials and methods

Insects and vermicomposting process
A. dichotoma subsp. tunobosonis was provided by a local beetle store (Xichong Tian Jiang, New Taipei, Taiwan). The third instar larva was used as inoculant in the study. Maple and oak sawdust was fermented for 60 days under aeration with sugar and water before being used in the study. The vermicomposting process was performed in plastic containers (30 × 20 × 20 cm) with pierced lids for aeration. Approximately 1.5 kg of the fermented sawdust (maple:oak in 1:1 ratio w/w) was put into the containers to serve as bedding and food for A. dichotoma, followed by culturing under controlled environmental conditions for 1 month. Six plastic containers were placed in a growth chamber in three layers, with two boxes in each layer. The growth chamber was set at 25EC, and the moisture level of the sawdust was maintained at 55%. After 1 month, the vermicompost was collected for analysis of changes in nutrients and heavy metal content.
Determination of changes in nutrient and heavy metal content in the substrate before and after vermi composting
Total organic carbon and total Kjeldahl nitrogen (N) were determined using the methods of Nelson and Sommers (1982) and Bremner and Mulvaney (1982) , respectively. Organic matter (OM) was decomposed with a mixture of acids (HNO 3 : HClO 4 ) in 5 : 1 ratio. The phosphorus oxide (P 2 O 5 ) content of the filtrate was then analyzed using the Murphy and Riley method (1962) . The potassium oxide (K 2 O 5 ) content was measured by flame spectrophotometry (Model 410; Sherwood Scientific, Cambridge, UK) as described by Knudsen et al. (1982) . Calcium oxide (CaO) and magnesium oxide (MgO) contents were determined by inductively coupled plasma (ICP) spectrometry (5100 ICP-OES; Agilent Technologies, Santa Clara, CA, USA) according to the procedures of Flannery and Markus (1980) . The content of heavy metals, namely, Cu, Zn, Ni, Cr, Cd, and Pb, was determined by ICP spectrometry after digesting the sample in a diacid mixture (concentrated HNO 3 : concentrated HClO 4 , 4 : 1, v/v) (Pansu, 2001) . pH and electrical conductivity (EC) were measured using a pH meter (pH version 6071; Jenco Electronics, San Diego, CA, USA) and a conductivity meter (model CDM 210; Radiometer, Cedex, France), respectively.
Statistical analysis
All experiments were performed in triplicate and results were expressed as mean ± standard deviation. An analysis of variance with the least significant difference (LSD) test at P # 0.05 was performed using SAS version 9 (SAS Institute, Cary, NC, USA).
Results and discussion
Changes in the physical properties of the substrates Table 1 shows that the physical properties of the substrate significantly changed during the vermicomposting process. OM content and EC decreased significantly, from 71.45 to 64.6% and from 2.42 to 1.63, respectively, whereas the pH value of the substrate increased from 7.28 to 7.68 by the end of the vermicomposting period. to the activity of A. dichotoma. A higher OM content of the substrate than that of the vermicompost suggests that OM mineralization was rapidly attained through the insect's activity during vermicomposting. The loss of OM was a consequence of converting it into insect biomass via its digestive system. A lower EC value with a higher pH for the vermicompost compared to the initial substrate indicates that the vermicompost obtained in the study was suitable as potting media for plant growth, and further changes in the pH may make it suitable for horticultural crops (Verdonck et al., 1987) .
Changes in the nutrients of the substrate
Figure 1 displays the changes in the nutrient content of the substrate during vermicomposting. N, P 2 O 5 , CaO, and MgO content did not significantly differ between the substrate and vermicompost, whereas the macronutrient K 2 O 5 content in the vermicompost (1.34%) was significantly higher than that of the substrate (1.12%). Previous studies have indicated increase in N, P, Ca, and Mg content during vermicomposting of sludge (Hait and Tare, 2011; Kaur et al., 2010) . Nevertheless, our results differ from the results of those studies, perhaps due to the use of a different substrate for vermicomposting. Additionally, a large number of microorganisms were found to play an important role in transforming various plant nutrients into more soluble and available forms during vermicomposting (Sharma, 2003; Suthar and Singh, 2008) . Hence, the differences observed in the amount of macronutrients between the substrate and vermicompost depend to a large degree on microorganism populations present in the mixture.
Changes in the heavy metal content of the substrates
Reducing the content of heavy metals in organic waste using insects is an industrially important process. It is necessary to determine the heavy metal content of vermicompost due to its toxicity to plants, soil microbial processes, and potential negative side-effects on humans and animals (Whittle and Dyson, 2002) . Table 2 shows that Cd content between the substrate and vermicompost decreased significantly from 0.46 to 0.38%, whereas no significant differences in other heavy metal concentrations (Cu, Zn, Ni, Cr, and Pb) were observed. Furthermore, Cr, Ni, and Pd were detected at low concentrations (< 7%) compared to Cu (12.73%) and Zn (71.32%) in vermicompost. Our results differ from those of other studies thatshowed increase in heavy metal content during vermicomposting of sludge (Bakar et al., 2011; Hait and Tare, 2012; Kaur et al., 2010) . However, the reduction in Cd is in agreement with the findings of Suthar (2009) , who also reported a decrease in Cu and Zn concentrations during vermicomposting of sewage sludge spiked with sugarcane trash. Like earthworms, A. dichotoma may also reduce the bioavailability and mobility of heavy metals, especially Cd (Cherian and Nordberg, 1983) , thus restricting the release of heavy metals during vermicomposting (Dai et al., 2004; Langdon et al., 2003) . In addition, the produced vermicompost can be used for agricultural crops since the heavy metal content meets the specifications of compost standards (CEC, 1986; CPHEEO, 2000; USEPA, 1994) , indicating that the produced vermicompost was fit for agriculture use.
Conclusions
Vermicomposting using A. dichotoma significantly changed the physical properties of the substrate (pH, OM, and EC). After the vermicomposting process, the content of K 2 O 5 in the vermicomposted product had increased significantly in comparison with the initial substrate, and the content of one heavy metal (Cd) had decreased significantly. Therefore, the produced vermicompost can be used as a suitable potting medium for plant cultivation.
